The efficacy of photodynamic therapy and chemotherapy is largely limited by oxygen deficiency in the hypoxic tumor microenvironment. To solve these problems, we fabricated a novel NIR-responsive nanosystem which could co-deliver oxygen and anticancer drug DOX. An oxygen self-sufficient amphiphile (F-IR780-PEG) was first synthesized and subsequently utilized to load anticancer drug DOX to form nanoparticles (F/DOX nanoparticles). Due to the high oxygen capacity of such nanoparticles, the hypoxic tumor microenvironment was greatly modulated after these nanoparticles reached the tumor region, and the results revealed that hypoxia-inducible factor a (HIF-1a) was down-regulated and the expression of P-glycoprotein (P-gp) was then reduced, which were in favor of chemotherapy. Under light irradiation at 808 nm, IR780 could efficiently produce singlet oxygen to damage cancer cells by photodynamic therapy (PDT). Simultaneously, the IR780 linkage could be cleaved by singlet oxygen generated by itself and resulted in DOX release, which further caused cell damage by chemotherapy. With the combination of PDT and chemotherapy, F/DOX nanoparticles showed remarkable therapeutic efficacy under in vitro and in vivo conditions. Furthermore, the F/DOX nanoparticles are favorable for imaging-guided tumor therapy due to the inherent fluorescence properties of IR780. We thus believe that the synergistic treatment described here leads to an ideal therapeutic approach to hypoxic tumors.
Introduction
Tumor hypoxia, which originates from distorted tumor vasculatures and irregular cancer cell proliferation, 1 is a great challenge for overcoming resistance to cancer therapies, especially for photodynamic therapy (PDT) 2 and chemotherapy. 3 As far as PDT employs a light-excited photosensitizer (PS) to generate cytotoxic singlet oxygen ( 1 O 2 ) by consuming tumor-dissolved oxygen (O 2 ) for cancer treatment, 4 the PDT efficiency is largely limited by inadequate oxygen in tumors. In addition, cancer cells will activate hypoxia-inducible factor a (HIF-1a) in a hypoxia environment, 5 and then increase the expression of Pglycoprotein (P-gp), 6 which as a membrane efflux pump transports chemotherapeutic drugs out of cells to cause hypoxiainduced drug resistance. 7 In recent years, various strategies have already been developed to modulate tumor hypoxia for improving the efficacy of PDT, such as transporting oxygen into tumor by using articial blood substitutes (e.g., peruorocarbons), 8 promoting intratumor blood ow 9 as well as producing oxygen inside the tumors by catalysts. 10 Liu and his coworkers improved the PDT effect by using MnO 2 to modulate the hypoxic tumor microenvironment by in situ generating O 2 through the reaction with tumor endogenous H 2 O 2 .
11 Meanwhile, several studies have demonstrated that reversing hypoxia in tumors would enhance the chemotherapy effect. 3, 12 Cai et al. developed oxygen-nanocarriers where hemoglobin (Hb) and DOX were encapsulated within the cancer cell membrane to overcome hypoxia-induced chemoresistance.
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Recently, many studies on tumor treatments have been focused on combined therapies with the cooperative enhancement interactions between two or more treatments to produce superadditive therapeutic effects. 13 It has been proved that PDT has the potential to enhance chemotherapy efficacy since ROS generation from PDT is able to promote intracellular drug delivery and accelerate drug release, increasing the cytotoxicity of anticancer drugs.
14 To date, numerous studies have been designed to realize synergistic therapeutic effects of chemophotodynamic therapy by loading anticancer drugs and photosensitizers together into nanoassemblies, obtaining a higher therapeutic effect. 15 For example, Zhang et al. fabricated a multifunctional prodrug where the singlet oxygen could be generated from TPP under irradiation and then anticancer drug gemcitabine was released aer the thioketal linkage was cleaved, obtaining signicant tumor synergistic therapeutic efficacy. 16 Yin and her co-workers designed a phototheranostic nanodrug (PTN), which generated 1 O 2 and accelerated the release of anticancer drug camptothecin (CPT) into cancer cells upon red light irradiation, showing enhanced performance for cancer theranostics.
17 Despite holding great promise, most studies for chemo-photodynamic synergistic therapy are not for hypoxic tumors where these treatments are weakened, which makes these treatments inefficient for cancer therapy. Although some studies have involved the synergistic treatment between PDT and chemotherapy in hypoxic tumors, 18 it is still a signi-cant challenge to enhance the therapeutic efficiency of these two therapies in hypoxic tumors at the same time.
Herein, to achieve a high efficiency of synergistic treatments between PDT and chemotherapy in hypoxic tumors, we constructed a smart nanocarrier by using an amphiphile, F-IR780-PEG (Scheme 1), which could not only modulate the tumor hypoxia microenvironment by employing peruorocarbon as an oxygen carrier, but could also enhance the release efficiency of encapsulated DOX in a controllable manner. In this system, IR780 plays two important roles: i.e. as a NIR photosensitizer 19 and a light-triggered degradable 20 linker between the hydrophobic peruorocarbon and hydrophilic PEG chain. IR780 is susceptible to photobleaching through a photooxidative cleavage reaction, and the photooxidation pathway of these molecules entails 1 O 2 -mediated cleavage of the polyene via dioxetane intermediates. Anti-cancer drug DOX was encapsulated by F-IR780-PEG to form F-IR780-PEG/DOX (F/ DOX) nanoparticles, and the toxicity of DOX greatly decreased by taking advantage of the encapsulation of nanoparticles. 21 F/ DOX nanoparticles could accumulate efficiently in the tumor aer intravenous injection (i.v.) due to the enhanced permeability and retention (EPR) effect. 22 Aer F/DOX nanoparticles enter the tumor hypoxic region, oxygen carried by peruorocarbons will be released to relieve tumor hypoxia, where HIF-1a is down-regulated and then the expression of P-gp is reduced (Scheme 1b). Under 808 nm laser irradiation, F/DOX nanoparticles could produce ROS abundantly because of the adequate supply of oxygen, which performs a highly efficient PDT. Moreover, the encapsulated DOX is quickly released during the PDT process, as the linker, IR780, is degraded with illumination, which induces the disassembly of F/DOX nanoparticles. It is worthy of note that released DOX would mostly stay inside cells owing to the decreased expression of P-gp, which could achieve effective chemotherapy. A series of experiments including in vitro and in vivo experiments have been performed to verify our above assumptions. Our work demonstrates that F/DOX nanoparticles can be used as efficient agents for enhancing the anti-cancer effect of PDT and chemotherapy synergistic therapy in hypoxic tumors.
Results and discussion

Synthesis, preparation and characterization of F/DOX NPs
To construct a smart nanocarrier for improving the high efficiency of synergistic treatments between PDT and chemotherapy, the amphiphile, F-IR780-PEG, was prepared and the detailed synthetic procedures are depicted in Scheme S1. † IR780 was rstly synthesized according to the previous literature with some changes. 23 To functionalize IR780, propargyl alcohol and heptadecauoro-1-nonanol were reacted separately with succinic anhydride in anhydrous THF to produce compounds 4 and 6. The 19 F NMR spectrum of compound 4 exhibits a single peak at À80.83 ppm, which is assigned to triuoromethyl (Fig. S5 †) . The peaks of H 2 and H 3 at 2.66 ppm demonstrate that compound 4 was successfully synthesized (Fig. S4 †) . IR780 was rst reacted with compound 4 to produce asymmetric IR780 through an esterication reaction, and then asymmetric IR780 was further reacted with compound 6 through the same synthetic approach to obtain F-IR780-alkynyl (7 (Fig. S9 †) . Finally, amphiphilic F-IR780-PEG (9) was prepared via a typical 'click' reaction between F-IR780-alkynyl and azido-PEG. In the 1 H NMR spectrum of compound 9, the peak of H 3 at 7.73 ppm corresponding to 1,2,3-triazole demonstrates that PEG was conjugated successfully to compound 7 (Fig. S10 †) . In addition, amphiphilic C-IR780-PEG as a control was synthesized by using docosanoic acid through a similar strategy, and the detailed synthetic procedure is given in Scheme S2. † Chemical structures were characterized by 1 H NMR, 19 F NMR and mass spectroscopy (MS), and the spectra are presented in Fig. S1 -S13. † Amphiphilic F-IR780-PEG and C-IR780-PEG could selfassemble into micelles through a dialysis method, 24 and the obtained micelles were denoted as F micelles and C micelles, respectively. Next, the anticancer drug DOX was encapsulated into F micelles through hydrophobic interaction to form F-IR780-PEG/DOX (F/DOX) nanoparticles, respectively. As shown in Fig. 1a , F-IR780-PEG in DMF showed characteristic absorbance of IR780 in the near-infrared region, but its F micelles had a broad absorbance of IR780 with a strong shoulder peak due to the formation of H-aggregation of IR780 in the micelles.
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For F/DOX nanoparticles, although a similar absorbance spectrum was found with F micelles in the NIR region, the weak absorbance at 490 nm could still be distinguished, indicating that DOX was entrapped in micelles successfully. Additionally, C micelles had a similar UV-Vis absorbance spectrum to F micelles ( Fig. S14 †) . The drug-loading efficiency (DL) and entrapment efficiency (EE) of F/DOX nanoparticles were 6.4% and 15.6% respectively, which were determined by the UV-Vis method. The average diameter of F micelles and F/DOX nanoparticles measured with dynamic light scattering was 122 nm and 138 nm, respectively (Fig. 1b) , which were similar to the size of nanoparticles observed by transmission electron microscopy (TEM) ( Fig. 1d and e) . Meanwhile, the micelles retained good stability during een days with no obvious change in particle size (Fig. 1c) . However, the size distribution of F/DOX nanoparticles obviously changed aer laser irradiation, and the corresponding morphology change was also observed by TEM (Fig. 1f) , suggesting that the nanoparticles were disrupted with laser irradiation.
Singlet oxygen generation and drug release behavior
To conrm the oxygen-carrying ability of F micelles and F/DOX nanoparticles, we tested dissolved oxygen of different samples by using a dissolved oxygen detector, with PBS as the control. It was observed that the values of dissolved oxygen in PBS and C micellar solution were 8.23 and 8.31, respectively. In contrast, the values of F micelles and F/DOX nanoparticles were 16.79 and 16.93, respectively (Fig. 2a) . The values of dissolved oxygen of solutions containing a peruorocarbon analog (F micelles and F/ DOX nanoparticles) were more than two fold the values of solutions without the peruorocarbon analog (PBS and C micelles), which meant that F micelles and F/DOX nanoparticles had an oxygen-carrying capacity. As IR780 is a typical photosensitizer We recorded the changes of absorbance of DPBF in the presence of C micelles, F micelles and F/DOX nanoparticles with 808 nm laser irradiation for 10 s intervals (Fig. S15 †) . Although the absorbance of DPBF decreased in the presence of all these samples with laser, the decrease rate was obviously different, indicating that they had different single oxygen quantum yields. The absorbance of DPBF at 425 nm with different irradiation times is shown in Fig. 2b ; the rate of absorbance decrease in the presence of F micelles was similar to that of F/DOX nanoparticles, which was almost 3 fold faster than that in the presence of C micelles. The phenomenon indicated that the single oxygen quantum yield of F micelles or F/DOX nanoparticles was higher than that of C micelles, which was caused by the higher amount of oxygen carried by the peruorocarbon. Photo-bleaching is a typical feature of IR780 because it is sensitive to ROS produced by itself with light exposure, and the ROS will attack and break the heptamethine chain of IR780 to degrade IR780. 20 We then measured the degradation of IR780 inside F/DOX nanoparticles under different laser irradiation times through an UV-Vis detector. The absorbance of IR780 inside F/DOX decreased with illumination time (Fig. 2c) , indicating that IR780 can be degraded under light exposure. We also measured the degradation rate of IR780 in F micelles and C micelles. As shown in Fig. S16 , † the IR780 degradation rate in F micelles was faster than in C micelles, which conrmed that more 1 O 2 was generated by F micelles from another side. As IR780 acted as a linker between the hydrophobic peruorocarbon moiety and hydrophilic PEG chain, the nanoparticles could be decomposed when IR780 was photo-bleached with laser irradiation. Additionally, we assumed that the loaded-DOX would be released when nanoparticles were disrupted with laser irradiation. To verify this speculation, the light-triggered DOX release was quantitatively evaluated aer F/DOX nanoparticles were illuminated with an 808 nm laser. As shown in Fig. 2d , approximately 20% of loaded-DOX was released both from F/DOX nanoparticles at 48 h without laser irradiation, revealing that nanoparticles were quite stable. However, it was surprising to nd that nearly 80% of loaded-DOX was released from F/DOX nanoparticles with laser irradiation. This phenomenon indicated that the loaded-DOX could be released effectively from F/DOX nanoparticles as we expected.
In vitro anti-tumor treatment and mechanism
To evaluate the cell uptake of nanoparticles, MCF-7 cells incubated with C micelles, F micelles and F/DOX nanoparticles for different times were investigated by confocal laser scanning microscopy (CLSM) (Fig. 3a) . It can be observed that the uo-rescence of IR780 inside cells for all samples was enhanced with incubation time increasing, indicating that more and more micelles or nanoparticles were internalized by MCF-7 cells. Meanwhile, quantitative intracellular uptake of DOX from F/ DOX nanoparticles for different incubation times was also tested by ow cytometry (Fig. 3b) , and the uorescence intensity of DOX inside cells was remarkably enhanced with incubation time, which was similar to the result of IR780 from CLSM. Aer these different nanoparticles could be well taken up by cells, the cell behavior was then investigated under hypoxic conditions by detecting expressions of HIF-1a and P-gp. MCF-7 cells were incubated under hypoxia conditions with C micelles, F micelles, and F/DOX nanoparticles, with PBS as a control. HIF-1a expressions were rstly measured by Western blot analysis (Fig. 3c) . Apparent accumulation of HIF-1a was detected in hypoxia MCF-7 cells when treated with PBS and C micelles, while low expressions of HIF-1a occurred in cells aer treatment with F micelles and F/DOX nanoparticles. Therefore, it was demonstrated that HIF-1a down-regulated observably when hypoxic MCF-7 cells were treated with F micelles and F/DOX nanoparticles, indicating that the expression of HIF-1a was modulated with oxygen carried by F micelles and F/DOX nanoparticles. Furthermore, expressions of P-gp were analyzed by confocal microscopy (Fig. S17 †) . High expressions of P-gp in MCF-7 cells treated with C micelles under hypoxia conditions were observed. In contrast, P-gp expressions decreased to a rather low level aer treatment with F micelles and F/DOX nanoparticles, which were consistent with the results of HIF1a expressions (Fig. 3c) . These results indicated that oxygencontaining samples (F micelles and F/DOX nanoparticles) could greatly suppress HIF-1a expressions and further inhibit Pgp expressions under hypoxia conditions, suggesting that the O 2 carried by these nanoparticles endowed them with the ability to overcome hypoxia-induced chemoresistance. Intracellular ROS generation in MCF-7 cells was further investigated by the ROS probe 2 0 ,7 0 -dichlorodihydrouorescein diacetate (DCFH-DA). As shown in Fig. 3d , aer laser irradiation, there was negligible uorescence in the PBS treatment group but cells treated with other samples showed clearly green uorescence, indicating that ROS was generated within cells treated with micelles or nanoparticles aer laser irradiation. Moreover, green uorescence intensities in cells treated with F micelles or F/DOX nanoparticles were much stronger than that of C micelles, demonstrating that more ROS was produced by peruorocarbon-containing micelles or nanoparticles, which was consistent with the above results obtained using DPBF as the detector (Fig. 2b) . Intracellular DOX release with laser irradiation was also evaluated by confocal microscopy (Fig. S18 †) . In the absence of 808 nm laser irradiation, it was distinctly found that the red uorescent IR780 nearly merged with the green uorescence of DOX, which conrmed that the F/ DOX nanoparticles mostly remained in the cytoplasm of MCF-7 cells. However, aer laser irradiation, the majority of DOX uorescence separated from the IR780 uorescence, implying the disassembly of F/DOX nanoparticles with illumination. Furthermore, it was found that the green uorescence of DOX was in good agreement with the blue uorescence of the nuclei staining with DAPI, suggesting that DOX was almost completely released and moved into the nucleus. Therefore, it could be concluded that the release of DOX encapsulated in F/DOX nanoparticles can be well controlled with laser irradiation. Based on the above results, it is reasonable to propose that F/ DOX nanoparticles could be benecial in terms of enhancing the cancer cell-killing efficacy under both normoxia and hypoxia conditions. Therefore, the anti-tumor efficacy of F/DOX nanoparticles and other contrast formulations against MCF-7 cells was evaluated. The biocompatibilities of C micelles, F micelles and F/DOX nanoparticles were rstly studied (Fig. S19 †) , and we can nd that the viabilities of cells were all above 80% whenever under normoxic or hypoxic conditions, indicating that these samples all had good biocompatibility. Next, the cell viabilities of MCF-7 cells were evaluated to determine the efficiency of PDT, chemotherapy and synergistic therapy. As shown in Fig. 3e , there was only slight inhibition in free DOX treatment. Compared with cells treated with free DOX under normoxic conditions, viabilities of MCF-7 cells under hypoxic conditions were slightly higher, which was caused by hypoxia-induced chemoresistance. The PDT efficiency was then determined by examining the cell viability of MCF-7 cells. Under 808 nm laser irradiation, the PDT efficiency of F micelles was obviously higher than that of C micelles at different concentrations under both normoxic and hypoxic conditions, due to a greater number of ROS produced by F micelles, which was agreeable with that measured by DPBF and CLSM. Here, cell death caused by the photothermal effect of IR780 could be ignored with laser irradiation for 30 s, since there was only a slight temperature increase under short irradiation time (Fig. S20a †) . 8, 26 Subsequently, we compared the synergistic efficacy with the single therapeutic efficacy of PDT and chemotherapy. As we expected, the synergistic treatment using F/DOX nanoparticles with laser irradiation showed the most effective cancer cell killing under both normoxia and hypoxia conditions. Therefore, F/DOX nanoparticles as an O 2 -self-sufficient agent could improve PDT efficiency and enhanced chemotherapeutic efficacy.
In vivo tumor imaging and anti-tumor effects
Encouraged by the good anticancer efficacy of F/DOX nanoparticles under 808 nm laser in vitro, we then carried out animal experiments to evaluate their therapeutic potency. The in vivo distributions of F/DOX nanoparticles at different times were rst determined via a small animal imaging system (Fig. 4a) . It was clearly observed that the IR780 uorescence signal of F/ DOX nanoparticles gradually increased in the tumor region aer intravenous administration due to the EPR effect. Aer 48 h, the mice were sacriced and the tumor and organs were harvested for imaging (Fig. S21 †) . Obviously, the IR780 uo-rescence signal in the tumor was stronger than that in other normal organs, which conrmed F/DOX nanoparticles could effectively accumulate and strand in tumors.
To investigate the antitumor efficiency of F/DOX nanoparticles in vivo, MCF-7 tumor-bearing nude model mice were intravenously administered saline, F micelles with laser (F micelles + L), or without laser, F/DOX nanoparticles with laser (F/DOX NPs + L) or without laser, C micelles with laser (C micelles + L) and free DOX, respectively. Under the guidance of in vivo imaging, the tumor tissue was irradiated with an 808 nm laser at 48 h post-injection. The tumor volume was monitored every other day over the following 14 days. To avoid the photothermal effect during the treatment, we divided the irradiation time into two consecutive 30 s applications with a 1 min interval in between (Fig. S20b †) . As shown in Fig. 4b and c, the treatment with free DOX showed just slight tumor growth inhibition (which may be attributed to the insufficient quantity of drugs and hypoxia-induced drug resistance) compared with other groups of saline, F micelles and F/DOX nanoparticles. The treatment with F micelles with 808 nm laser irradiation showed signicant tumor growth inhibition which was much higher than that of the treatment with C micelles, which was attributed to more oxygen carried by F micelles. Therefore, the PDT efficacy could be well enhanced by transporting oxygen into the tumor hypoxia region. In contrast, the treatment with F/DOX nanoparticles with laser irradiation resulted in the highest anti-tumor efficacy, which conrmed the superiority of synergistic photodynamic therapy and light-triggered chemotherapy. In addition, the average tumor weight of different treatments in Fig. 4d also indicated that the F/DOX NPs + L group exhibited the most efficient anticancer effect. Collectively, these results demonstrated that F/DOX nanoparticles under laser irradiation could obviously overcome the problems of drug resistance and low efficiency of photodynamic therapy caused by tumor hypoxia. Additionally, the body weight of mice was recorded every other day and there was no notable change during the period of treatment (Fig. 4e) .
Meanwhile, the antitumor efficacy was further checked by the immunohistochemical studies of tumor slices aer the treatments (Fig. S22 †) . All of the saline, unilluminated F micelles and F/DOX nanoparticle groups demonstrated compact tumor cells. Meanwhile, the free DOX treatment group presented only slight inhibition to tumor growth, which is in line with the tumor growth curve shown in Fig. 4b . Also, mild tumor cell necrosis can be observed in the illuminated C micelle group. However, there was intensive tumor cell necrosis in the group of F micelles under laser irradiation, which was attributed to more oxygen carried by F micelles. As expected, tumor cells revealed the highest level of tumor cell damage in the treatment group of F/DOX nanoparticles with illumination, certifying that the best anti-tumor efficacy could be achieved under the synergistic effect of enhanced PDT and chemotherapy. The degree of tumor hypoxia of different groups was also measured, and the expression of HIF-1a in vivo was tested by immunohistochemical analysis (Fig. 4f) . Notably, the expressions of HIF-1a of F micelle and F/DOX nanoparticle treatment groups were obviously smaller compared with other groups, and obvious down-regulation of HIF-1a was also observed for these two peruorocarbon-containing samples. These results demonstrated that oxygen carried in these nanoparticles could efficiently suppress the activation of HIF-1a and reduce tumor hypoxia. Therefore, F/DOX nanoparticles could present the possibility to enhance the PDT and overcome hypoxia-induced drug resistance. The systemic toxicity was further analyzed by histological analysis of the major organs, performed with H&E staining (Fig. S22 †) . There were no detectable physiological morphology changes in the major organs, such as the liver, heart, spleen, lung, and kidney in all treatment groups, which corresponded to results of body weight of mice. These results demonstrated the good biocompatibility of our nanoparticles and their promising prospects for in vivo application.
Conclusions
In this work, we successfully fabricated a light-triggered drug release nanoplatform of F/DOX nanoparticles to enhance the efficiency of synergistic treatments between PDT and chemotherapy in hypoxic tumors. Such F/DOX nanoparticles delivered anti-cancer drug DOX and oxygen to tumors with DOX controlled release by light. F/DOX nanoparticles accumulated efficiently in the tumor aer intravenous injection (i.v.). Beneting from the oxygen self-supply ability, the hypoxia microenvironment of tumors was greatly altered, which is not only helpful for enhancing the efficacy of oxygen-dependent PDT but also for overcoming hypoxia-induced chemoresistance by inhibition of the HIF-1a induced P-gp expression. The anti-tumor effect of F/DOX nanoparticles has been achieved in cells and tumor-bearing mice, and in vitro and in vivo results evidenced the advantages of F/DOX nanoparticles in killing tumor cells and destroying solid tumors. Therefore, this work supplies a novel strategy for the fabrication of nanocarriers to combat tumor hypoxia induced chemoresistance and inefficient PDT.
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